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Ab!,tract-AIthou.gh it is common knowledge that Pb concentrations have increased in lake sedfmel1tS in
the northeastern Unitcd States over the last 1S~ years, the processes responsible have been the subject of
Ikbate. In this ~tudy. dj~ferences !n I.cad isotopic compositions and concentratioM in sediment from large
lakes (Lake Ene, Ontano, and Michigan) and small ones (Deep Lake and Lake Andrus) are used to infer
temporal changes in the source{s) of anthropogenic Ph in the Great Lakes region. A natural (background)
component of Pb is present in sediment deposited prior to J860 in Lake Erie and the other fakes as indicated
from low Ph concentrations and uniform lead isotopic compositions. Changes in isotopic ratios of lake
sediment reflect differing sources of anthropogenic Pb superimposed on the nawral component such as
regional deforestation from 1860-1890 followed by coal combustion and ore smelting through 1930.
~mbustion of le.ade~ gasoline was the dominant anthropogenic Pb source to the lltmosphere (and by
mfcrencc to lake sed! ment) from 1930-1980. Temporal changes in lead isotopic compositions in lake
sediment suggest that the source of the Pb used in gasoline additives gradually changed from 1930 to present.
The best example is a distinct shift in lead i.sotopic ratios in lake sediment deposito:l after 1970 which
conesponds to increased Pb production from the Vibumum Trend deposirs in Missouri (p~nt in all lakes
except Onlario). However. the changes in lead isotopic compositions are much tess variable than and do not
parallel those calculated on the basis of annual United Slates mine production and importS. Rather, anthro~

pogenic recycling of Pb as well as Tl3tural m.i.x..ing processes during emission, transport. and deposition of Pb
in lake sediment control most of the variation in lead i50tOpe ratios. Differences in lead isotOPIC r:Jlios in
LAke Michigan, Erie. and Deep Lake sediment preserve regional differences in lead isotopic ratios {rom U.S.
and Canawan sources fir.;t noted in aerosols by Sntrges and Barrie (1987). More localized sources of PI> (such
as point discharges) are needed to explain the results from. Lake Ontario and Andrus.

lNTRODUCfION

The anthropogenic addition of Pb to the Earth's ecosystems is
recognized on a global sc.ale in Acetic (Sturges and Harne.
1989b) and Pacific Ocean aerosols (Settle and Patterson. 1982),
ice cores from Greenland and Antarctica (Murozumi et aI.,
1969; Rosman et aI., 1993), and corals growing in the Atlantic
and Pacific O<:e.aos (Sheo and Boyle. 1987y. all locations far
from poUutant sources. In~ studies. differences in isotopic
ratios and concentrlltions of Pb were used to suggest sources
for ~ anthropogenic Pb. However, before the exact prove
nance of Pb~ be identified On a global scale, more must be
known about regional and local variations in anthropogenic Pb
emissions. One way to 1.aclde this problem is to examine Pb
poUlltiOR in an area such as the northeastern United SUI(es
where the history of settlement and economic development is
well documented in 3 now heavily industrialized region. Pre
vious workers used trace element oonCClltratioM in lake sedi
mentS from this region as a basis to model the emission and
deposition of pollutants during the indu:>trialization period
(Winchester and Nifong. 1971; Edgington and Robbins, 1976;
Nriagu ct al.. 1979; Griffin and Goldberg, 1983; Eisenreich ct
al .. 1986). rn this paper we wilJ demonstrate h<lw the source(s)
of a specific pollutant, Pb, can be sunni.sed by use of temporal
differences in lead isotopic ratios combined with variations in
Ph concentrations in lake sediment.

The lead isotopes used for this purpose are 1l}<Pb. with no
known radio.ac(ivc parent and those isotopes formed by ra-
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dioactive decay having tong half lives: 1O«Pb from 23~ :llT)Pb
from 23jU. and mPh from lUU. Identification of Pb source is
featlible because sources of natural and anthropogenic Pb to
lake sedimenrs have different lead isotopic compositions and
lead isotopes are nat measurably fractionated during indusoial
or biological consumption processes (Aul! et aI., 1970).

Primary natural sources of Pb to lake sedimenrs in the
northe."lStem United States include rock: erosion within the
catchment basin, and atmospheric inputs (rom volcmJic emis
sions and dust derived from soil. Addition of Pb from anthro
pogenic sources may include biomass burning during defor
estation; the consumption of fossil fuels including wood. peal,
coaJ, and oil; the mining and smelting of Pb and other metal
ores; release of municipal and industrial effluents associated
with Pb ore consumption and recycling; and the combustion
of leaded gasoline (Nriagu, 1979; Nriagu and Pacyna. 1988).
The lead isotopic ratios from many of the anthropogenic and
natUl1l.1 Pb sourc;;s are available in the literature. When com~

bined with records of land development, fossil fuel use, and
Pb ore consumptiol1, lead isotopic ratios and cOt!l:'cntrations
for anthropogenic emissions can be estimated and compared
10 those preserved in (he sediment record.

To assess (he relative importance of atmospheric emissions
vs. direct water discharges as sources of anthropogenic lead,
we c1mse sediment samples from basins near the heavily pop
ulated and industnaJiLCd shareline..~of several Gleat Lakes as
well as several small lakes with limited access and undevcl-
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oped shorelillf:S. It W;lS anlicipated lhal atmospheric emissions

would provide :I regional Pb distribution and dominate the
'wlhropogenic Pb flux. 10 the small lakes. where:Js direct dis
charges and prox.imilY of induslry to the Gre;)l Lakes would

preserve local. point discharges.

EXPERIMENTAL METIIODS

$amplf ~I~tion

Wiment corcs were chosen from Greal Lake" basi liS with well
established. high scJimenralion ralCS which allows Ihe age of s(:£li
menl deposirlon to be detennined most ae-curalely (Eadic nnd Rob
billS, 1987). Core;<; S(:lecleQ (Fig. I) included lWO from the eaSlern
basin of We Erie (collecced in 1991 and 1988). one (rom the Roch
ester b.asin of Lake Onwio collected in 1991. and one collected from
the southeastem basln o( Lake Michigan in 1980. After lXlring. the
sedimenl samples ww: seclioned. ffl."Cze-<iricd. ground. and slored tn
either polyethylene Of glass viols. ""Pb and "'Cs were used to dale
the time of sediment deposition in lhe Greal Lake cores using rhe
analytic.al method and mathematical formulations descri~ in Ro~
bins (19-78) and Robbins and Eadie (1991). 1lu: math~maricalmodels
of ~imenlde~iliOllutilized in this slUdy accounl for variable sed
imentarion fales. posr-<ieposilional sediment mixing. and compaclion.
Examples of "~b dimiblltjon in Greal Lakes sedi ment on which the
sediment dl:pasicioll models are bas<-'<l are reported in Eadie and Ro~
bins (1987).
~ sediment from srru.ll lakes was obt.ained from archil/cd ma

lerial from The PIRLA investigation of recent lake acidification
(Whi1ehc.:ld el at .. 1990); and included COIe samples (rom Lake An
drus (locnred in the upper ~ninSllla of Michigan) and De<lp Uke
(locared in the Adirondack MOUTllains in upper New York slate) col
lected in 1984 (Fig. I}. The collecrion.location. dClcnninalion of lime
of sediment deposition. characrerislics of the draimlgc basins. and
distribution of teaee elements in lhe sediment cores from lhe small
tales was described in Kingston ~! al. (1990). Charles el al. (1990).
:lIld NO[1on el al. (1992)_ L:i.ke Andnls and Deep Lake are seepage
lakes with undevc:lQped l."3tchmenl.S and shorelines.

Bec~use the pllrp<Xe of Ih,s S1uLly was to ;nvCSli~atc anlhropol!C"nic
l>b aUditions III sediment lhroughout Ihc Greal L.-:Jkcs region: ;; I'm
ecdore was needed to C.~I"'CI lhe Jnth.opogcnic' compolli:nl prcfer
~otially from Ihe IOlal PI> cQlllaincd in Ihe scll;mcol. Shi...hal:1 CI aI.
(19&0) and Ng and Pallerson (1982) L1cmOMIr.lled lhal rhe ;lOthro
pcgcnic Pb componenl in s<diments can be ~aled {rom total Ph
by a dilule a.;id leach. The dilute acid leach will $olub.lil.e Ph sorbed
to biological debris and (erromanganese films Jnd leave behin..t re
sidual Pb wilhin th.: structure of silie:1le minel"'3ls. More el~bordle

di.<~ohJliotl procedures have been used in olner sludies to ><:paralC
lhe leachable PU from Ihe more refr:Jclory componenl of Pb. The
sequenlial extraclion procedure of Tcs~ier ct aJ. ( 19;9) IS commonly
used. because: il aUows operalionall)' dcfined exchangeable. carbon
ale-bound. Mn and Fe oxide-bouod. organic and residual tr.lce med
components 10 he delerml ned; :md Wlllle and Gubala (1990) dem
onstraled the utility of Ihis digestion proc.edurc on sedimenl from
Deep Lake. The chemicals needed (or this procedure. however. arc
nOI readi I)' JVllilabk in lhe purily neec1cd for ana(.ysis of lead i$Otopic
ralios. Instead. eXlrdclions were made USlOg qu;uU· and Tenon-dis
tilled acids (~elic. nitric. hydrolluoric. and hydrochloric} to lesl acid
slIenglh ~s. amollnt of Pb leachd on a set of duplicare ii.:lmples from
the same interval of the Lake Erie J988 sedlmenl core using. t~
following prolocol.

DissolutIOn of sedimenl samples look pla~-e Wilhi n Class-I 00 clean
roorns. Samples (3 - 10 mg) were placcd in 1.5 ml polypropylene
centrifuge luheS and I rol of acid was added. The rubes were placed
in a dosed ultrasonic bath for 90 minutes (Ihe temperarure of the acid
Cltrr:lct l'each¢ 40-4S"C). The rubes lind contents werc allowed to
cool ovemighl. and lhen celllrifugcd at 13.000 rpm for 10- minurcs
!.he following day.

For determination of lead isotopic ratios, the solulion in lhe cen
trifuge lubes was separated from the remaining sediment using mi
<:ropipcues :u1d placed into 15 m' Telloll beakers for st\bs~uenl pu
rificarion. The P\l W3S separraced from othel elc01enls using sequcntial
HC1·HBr column chromacography with AG IXS anion eltchang,c
resin; and loaded onto single. 2.one.refined Re filame.nlS osing phos
phoric acid and silica gel. Isotopic rallOS were dClcnnined by solid
source thermal ioniulion mass spectromelry ll~il)g a VG Sector
MUL'n I mass spectrometer equipped with six F3J"lIday collectors.

FIG. I. Locaiion and yc.ar of sedimenl lXlring SlJpcrimpo~ ovcr an outline of Ihe Greal Lakes, lheir drainage basins
(Slipph:d lines) and Ihc bedrock geology in Ihe. region. The Superior Province is composed mo~ly of >2.5 Ga granile
:l/ld greenslonc. whereas lhe 0_9-1 8 Ga Southern, Kewccnawan. Greoviltc, nnd Auirondaek Min. rcglOns nre composed
mostly of granite and met"-<CdilJl<:nt~ry rocks; basalt; mcJ:lSCrumentary locks: and. mela..~cdjmeflla.ryrocks and an<mho
site. rc.<p-cctivcly. The Phanerozoic rocks (400-500 Mal cOos'Sl of sandslonc. shales. hmcslOnes. and dolomite. ('ole
l<Xauo" key' LA-L:>.kc Andrus LM-u.k~MichIgan LE-L'ke Eric. LO-Lake Onl~rio DL-lXcp Lake
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L<:~d analyses were corrected for fracl;o":ll;O" (0.11 % per a.m.u.) by
~pea«:d aMlysis of lhe NBS 981 slanJard. The fun pm.:edura!· bla"l;
contained a maximum of 50 picogrartlS of Pb whereas a lypical
loadcd filament conlained 200 nanogr.lms of Ph cxl... crCLI from .s.ed·
iment.

Lc~d conecnlr.llions w~rc dcrcrrTllned by ICp·MS {Perkin EJm~r

model ELAN 5000). Chcclcs on Pb concentrations were made '..,illl
iSOlOpt dllulion using 3 l\"Pb spike (agreement between lhe lWO
methods was :!:5%).

As the n:csults in Table I demonstr:ue, lh.c slIength anO combination
of acids usee.! to eXIr.lCl part of Ihe Pb {rom lhe samples had httle
effecl on lhe conccntrations and lead isotopic r.llios obtainetJ. The Ph
cOflcentr.llions and iSOIOpic ralios oblained arc n:m.arbbly consiSlent
and indiCAlC thal the resu\loir conl~ining acid soluble Pb in the sea·
;menl was !1amogencQus. uad released from the sl.tUClUres of silicate
minerals was isolopically distinct from lhal rcleas~ from olher sitcs,
as Indic:ilcd from lhe lead isotopic ralios obtained from lhe diss.olu
tion of the n:sidue with HF. These dala do not pruve that only an
thropogenic Pb is removed during leaching, but does demonstrnlc
Ulal a dilute acid koch rdea.~s Pb from different Pb reservoirs than
total sedimenr dissolution. Most of lhc Pb released by the dilute acid
leach of freshwater lake s«limenrs is probably desorbcc[ from iron
oxyhydroxide surfaces (Enl el aI., 1990; M:trl~i and PoSICT, 1991)
as demonstr.'lted exp<:Jimentally by oa... is and GaJloway (1993) on
lake sooimenl from the Adirondack Mounlains.

Based on the result! of the leaching study, the I N HNO] + 1,75
N HCl acid mixnJre was chosen 10 preferentially extract anthropo
genic Pb from lake Sledimc:nt (following lhe analylical protocol pre·
viously outlined). Lead isotopic ratios, conc.entr.ltions, and mean age
of sediment deposilion for the- inler\lsJs of sedimenr analyzed are
presented in Table 2. More sample. were analY7.cd from the Lake
Erie oares- than the others ~causc the high sedimentalion rate in lhe
easlern basin of Lake Erie allowed for lhe best TCsolu:ion of time of
sediment deposilion.

RFSUL1'5 AND DISCUSSION

Natural Sources or Pb to Lake Sediment

The dominanl sources of natural Ph in the Great LsJces
region arc associated with erosion including direct erosion of
glacial deposits and rocks exposed along bluffs and shorelines
surrounding me lakes as well as wind blown dust :md fluvial
inputs from rivers (Kemp and Dell, 1976~ Kemp et aI., 1977;
Ritson et al., 19(4). Bedrock geology around and under the
Grear Lakes basins varies in age and rock type (Fig. 1), as
does the thickness and composition of the glacial deposits
overlying the bedrock. The rates and type of crosion experi
enced by the different rock types and glacial dePOSilS affects

Tabte 1. ~Imenl LeachIng Experiment

the iSOtopic composilion of the Pb incorporated into the lake
s<:diment. Rock erosion resulting in total rock dissolution
would release Pb reflecting lhe hislory of UffhlPb fractiona
tion in the host rocks and their precursors in the Great Lakes
region (Flelcher and Farquar, 1977; Franklin et aI., 1983; Far
quar Ct al., 1987) as well as Pb produced subsequenl)y from
the radioactive decay of Th and U (Dewolf and Halliday.
(991). However, partial rock dissolutlOfl could rel=e radi

ogenic Pb preferentially from metamicl U and Th rich min
erals resulting in preferential incorporation into lake sediment.
Both scenarios result in the.incorporation of Ph in sediment
with isotopic ratios more radiogenic than those reflecting the
time of rock formation (Ere! et al., 1990. 1991). Likewise the
developmeru of soil incorporales Pb of more radiogeDic com
position than precursor rock (Chow, 1970; Gulson ,et aL,
1981: Keinonen et aI., 1992; Pucl1e1t e.t al., 191)3). This l<lbilc:,
radiogenic Ph can be SUbsequently incorporated into plants
during growth and ultimalcly be deposited with organic mat
ler in lake sediment.

The isotopic ratios and concentrations of Pb from the 1991
Lake Eric core are remarlalbly constant prior \0 approximately
1860 and less so after 1860 (Fig. 2 and Table 2). The con
stancy of the isotopic ralios and concentrations prior 10 1860
probably represents the naNra! (background) componenl of
leachable Pb in the sooimcnt. This age agrees well with the
appearance of AmhrosUJ (ragweed) pollen in other GrC3t

Lakcs sediment cores (Robbins et aJ., (978). The appearance
of Ambrosia is believed to be associated wit.h scnlement in
the Great Lakes region. and as such is oflen used as a marker
horizon indicating the Sl:1l1 of anthropogenic perturbation of
the sediment rocord. Rcsull~ from this sNdy indicate additions
of anthropogenic Pb to the background component can also
be recognized by increased Pb conCentrallons and changes in
isotopic ratios present in all sediment cores.

The le..nd isotopic ratios of sediment deposited prior co 1860
are slightly different for each sediment core (Table 2) due to
different sources and processes which sequester Ph. in indi
vidUIlI basins. It is nOl necessary 10 have similar background
lead isotopic ratios in each sediment core in order to qu:mlify
anthropogenic Pb additions, rather il must be demonstrnled
that the background component in the locations from which
the cores were sampled is homogeneous. We have done so

lead. Isotope Ralios
PbcollC.

Acid Strength ""'Pbt"'Pb ""Pbf""Pb -Pb!"'Pb ""Pbi"'Pb "'"pb/""Pb (ppm)
--~~~~._-_#..~ .... _._--- -_....__ .. ..__._--- ---
IN Acet.: 2.050 0.8328 18.n 15.64 38.49 '20.4
INHCI 2.051 0.8325 18.78 1563 36.50 33.2

IN liNO, 2.052 0.8327 r8.79 15.65 38.57 32.9

1.75N HNO, .. 3N Her 2.049 0.8318 1879 15.63 38.51 33.3

6NHCI 2.050 0.8320 18.81 15.64 38.56 32.1
7NHNO, 2.050 0.8315 18.91 1564 38.57 32.2

Aqua Reqia 2.050 0,8316 18111 IS.64 Ja.SO 32.6

/iF Leach ot r~idllum 2.064 0.8379 18,56 15.55 38.30 32

2aSld. Dey 0.002 0.0005 0,02 0.02 0.07

Each set of measufemems was made aMr leaching 10 mg subspl~s 01 a sarr:ple from 40
em deplh ltom I~e 1988 lake Efle Core. ercepllhe HI" leach, which was the residuum
from the aqua f~la leach,
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for the Lake Eric cores, because sediment deposited prior 10

1860 in the 1991 core as well as those obtai ned from the 1988
core (obtained trom appro;.;imately the same location) have
lead Isotopic ratios within analytical uncertainty of one an
other (Table 2). We have assumed thaI tht: background Pb
component in the other lakes is as homogeneous as Inat in
Lake Eric.

Calculating the Anthropogenic Component of Pb (rom the
Total Ph Leac.hed

The naNral Pb component can be sul:tlracted from the IOlal

Pb leached I? calcuJ::lle rhe amount and isotopic composition

of anthropogenic Pb added 10 the background. Using Lake
Erie as an example. this is accomplished by subtracting the
Pb concentration and isotopic composition of thebackgroond
Pb component (the average of the six values from !:he sedi
ment deposited prior 10 1860) from the sediment deposited
after 1860. The mathematical formulation follows that of
Shir'ahala et ai. (1980) and Ng and Pattl;fS()n (19&2). Using
201pbf"'lPb as an ex.amplc.

X>7pbf-06Pb Anthropogenic Ph component

:=; ({1ll7PbfO"Pb TU(ppm Pb ·IL)

Of.
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where TL = total leach and BC = background component.

The values for the anthropogenic Pb component for all sed
iment cores are presented in the right half of Table 2, and
were calculated using me background (natural) Pb values for
each individual corc. The calculaled anthropogenic isotopic.
ratios of Pb are sensitive to the precision of the Pb concentra
tions. especially when Ihere is little difference between the
10lal Pb leached and the baCKground component. In such cases
the error bars on Ihe calculated anthropogenic component will
be much la:cger than when the amount of anthropogenic com
ponent of lead is many limes grealer Ihan the background
component. Nonetheless, the calculated anlhropogenic com
ponent, rather than the lotal leached, is the value needed in
order to constrain Pb sources most accurately.

For example, me time traces of lead isotopic ratios in 2O!IPb!
2O'pb vs. 2D7PbfO"'Pb space for the total and anthropogenic only
Pb component'i in Lake Erie sediment have similar trends
(Fig. 3). However, by subtracting the background component,
the isotopic mtios of the anthropogenic component alone can
be bener resolved. 'me trends in the anthropogenic Pb com
ponent in Lake Erie sediment indicate mat shortly after 1860
the anthropogenic Pb componcnt was from sources more mor
ogenic than me background (higher 1.OllPbfO"Pb). Around the
tum of the century until 1920 there were additions from a
source less radiogenic than me background component. In the
early 1930's 10 1940's there was a trend toward lower lO'PbI
206Pb with constant 2OepbfO"Pb r3tios. This wa~ followed by a
trend paralleling that al the tum of the century bur wirh lower
1IlI!pb,!2Oolpb for a given mpbfO"Pb ratio. There was an abrupt
change in isotopic ratios after 1972, and another afrer 1980.

The background and anthropogenic Pb components from
the other lakes are presenlet:l in Fig. 4. A convention oC 20BPbI
lO4Pb vs. mPb~Pb was chosen to examine variations in all
of the lead isolopes on the s.ame plot. However. any set of
isotopic ratios could be plotted against one another and result
in si[1lil::tr resolution of the arllhropogenic Pb componenl. [le
fore Jiscus~mg the dIfferences and Similarities in these trends

in detail. the identification of possible anthropogenic sources
of Pb using isotopic ralios will be explained.

Anlhropo~enicSources of Pb to Lake Sediment

The dominant S(}urce of anthropogenic Pb to lake sediment
is believed 10 be from the atmosphere (Nriagu, 1978; Nriagu
and Pacyna, 19&8). It is known that Pb has a short residence
time in the water column of the Great Lakes and is quickly
transported to lake sediments in association with particulate

. scavenging processes (Jaffe and Hiles, 1986; Eadie :rnd Rob-
bins, 1987). Therefore, me sources of anthropogenic Pb added
to lake sediments should have a close relation in lime and
quantity to atmospheric emissions of Pb. The temporal
sources of Pb emitfcd to the IItmospherecan be predicted from
historical records which document the consumption of fossil
fuels, as well as the production of Pb from domestic and for
eign ore deposits, and use of Ph in gasoline additives. The
consumption records for these commodities are available by
year in publications including Historical Slatistics of tlle
United States, Ullited States Department oj the Interior Bu.
reall oj Mines Mineral Resource Yearbooks and Mineral
Commodity Surn.rrwries. and Yearbooks of the American Bu
reau. of Metals Statistics. The computation of Pb emissions
from mese sources (0 the atmosphere can be estimated with
the following caveats: (1) the amount of Pb within wood, coal.
and oil prior to and afler combusrion is variable, (2) the
amount of Ph emitted 10 the atmosphere after fossil fuel burn
ing or ore smelting is dependent upon the type of pollution
control measures lIsed (Winchester and Nifong. 1971; Qndov
el aI., 1979; Smith et 31.. 1987), and (3) rhe distance that Pb
travels from emissions sources such as smelters or coal-tired
power planls is still being asccrtained (Rabinovitz:.cld Weth
erill, 1972; Gulson et al.. 1981; Pacyna. 1986; Ohlander et
aI., 1993) because the transport of aerosols containing Ph is
a function of panicle size. chemistry, atmospheric conditions
such as prevailing wind velocity and direclion. as well 3!t

mode and duration of precipit3tion (Pacyn3, 1987).
The Pb concentnltion in coal from the United States ranges

from 3-55 ppm (Nation;!] RC!>C3fCh Councit. 19110). The Pb
content of wood is not a~ well known. From studies of c:oal
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FIG. 2. Temporal changes in lead isotopic f3tios and concenll'3tions obtained from dilule acid leaches of sedimenl
from the Lake Erie 1991 core. TWo sigma error bars an: superimpo~d over the data (rom sediment deposited in 179&.

combustion, it is known thar Pb is concenmued in fly ash relative

to bottom ash. with smaUer particles rontaining the highest Pb
concentrations (Nationa' Research CoWlcil, 1980; Pacyna.
1987). The emission of Pb associated with wood burning has not
been studied in the S<lffle del.ai1, but should behave in a similar
lnarulCT. Before poUution ronlrols were mandated in the Clean
AU- Acts much of the original Pb contained in the coal Of wood
would have becIl directly emitted to !he armosphere via fly ash,

For the source emission calculations in this study, emissions to
the 3lrnosphere of 3.5 ppm of Pb per [on of wood burned. (Pa·
cyna, 1986) and 4.5 ppm of Pb per ton of coaJ combusted (Nri·
agu. 1979) were used.

Lead emissions associated with ore production include that
from fugitive dust during mining and subsequent concentra
tion processes as well as smeller emissions during metal pro
duction. Emission levels from smel-ters depends on pollution
conlIol technology. Modem day smelters emit liltle Pb (0 the
atmosphere (less than 0.) 4% in best cases); but the potentia)
loss from production to finished product is as much as 12%
(Smith et al.. 1987), For lhis study, 0.5% of the fOtal Pb pro·
duced during the Ilroduc\lon process was eSlimlltcd to beemit
Icd 10 Ihe .olmo~ph~r~.

Estimates of emissions of Pb directly to the atmosphere
during gasoline combustion range from 50-66% of the orig
inal Pb CQncenlTation in the gasoline (Fachetti, 1989). The rest
is retained within the exhaust systems of the vehides. An
emission estimate of 66% was used in this study.

Estimates of the emissions of Pb to the atmosphere from
wood and roal burning, are production, and consumption of
gasoline for the enUre United States as a function of time are
shown in Fig. 5. From Fig. 5. the predominant anthropogenic
Pb source of lead emiued to the atmosphere from 1850- 1880
should have been the burning of wood, from 1880-1930 there
were approximately equal conlributions from coal and ore
smelting, and after 1930, Pb emissions from the- combuslion
of gasoline far outweigh the olher sources. •.

Anthropogenic Sources of Pb in Lake Erie Sediment

If the anthropogenic comPQnent of Pb in Lake Erie sedi·
ment is now reexamined, (Figs. 2 and 3) the magnitude of l11e
changes in Pb concenlratlons mirrors the lldd;tion of Pb [0 l11e
lllmosphere predicted in Fig. 5. Distinct chang.es in isotopic
r':llios accompany the changes in PI> concenlt7lrions in the lake:

.'" ·r'T - ~ L~" Y"~.r·- "';t ....7". ~;.: - - :- ~ -:t-
... • .. f' ..
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FlO. 3. (a) The isotopic TaliO':i of the tol.a1 (:lIlthropogcn;c + natural)
le~d obULined from a dilute acid leach of sediment (tom the. 1991
Lake Erie COI'C. Dat:l labels correspond to the ye:ll' of sediment dep
osition. (b) The isotopic ratios of (he- anthropogenic lead component
calculate<! by sobtraaing the naNnl! {background} lead componenl
from the tot:J.llead ~(opic ralios. The data poinc labeled 18'60 cor
responds 10 me IUnuaI lead component.

1978) and charcoal derived from wood burning (Goldberg et

aJ.. 198 [) are supporting evidence for deforestation ill s~dl'

ment corcs. Whether the ch<loges in Pb concentration and iso·
topic nuios reflect burning of biomass or incre:lScd erosion
rates- due to land denudation is more difficult 10 assess.

Flom 1900 to 1920. lead isotopic r.uios from Lake Erie
sediment cross the range in values fmm West Virginia cool
and plot ncar Ihosc of coal from Penllsytvania(Fig. 6b). These
stales were the predominant sources of 0031 in Ihe U.S. during
this timc. Supporting evidence for Pb in lake sediment from
a coal source includes charcoal fragments from coal burning
found in other sediment cores from the Great Lakes rcaion
during this period of time (Goldberg et al., 1981; Deltand
Booth. 1977). Because the [cad isotopic ralios in lake sedi
ment aIe close to. buc do not directly overlap with {hose of
coal. an additional source of Pb is needed. The production
and consumption of Ph ore by industry is a likely source (Fig.
5) for Ihis additiona-l component of anthropogenic lead.

The temporal production and use of PO by industries in the
United States is fairly well dOCUmented. Missouri has almosl
always been the leadi ng scate in terms of Pb production. How
ever, scveral mining districts have produc~ Pb:lt different times
in Missouri, and the Pb from the different districts has different
averages and ranges in lead isotopic compositions (Fig. 68). 1tl
addition to domestic production., the Uniled States has imported
known quantities of Pb from other countries (Fig. 7). From the
United StaleS domestic production and import records, a predic
cion of overall change in isolopic r.Jl:ios of lead COll.'iumed over
time can be calculated. This entails combining the Ph mining
production ;md import records from individual states and foreign
countries for every year from the 18805 to pn::sent with literature
values of lead isotope ratios from mining districts 10 produce a
prediction of the yearly, Welghted, average isotopic composition
of Pb consumed (Graney, 1994).

A smoothed version of the estimated yearly variation in lead
isotopic ratios based on ore production records is superimposed
over the Lake Eric sediment data in Fig. Sa Overall, the Yllri:ltion
in leml isotopes from the lake sediment is less than predicted
from ore production and consumption records. Prior 10 1942,
agreement between the trends is minimal; indicating th.ar eimer
Pb cmiued from the burning of fossil fucl dominates the anthro
pogenic component of Pb in the sediments., or contributions of
anthropogenic lead during ore processing:lre regional rather than
national in scope. After 1942. the geneml trends in the Pb pro
duction and: sediment record are in the sante direction but are
offset from one anomer. The combination of increased Ph pro
duction from the New Lead Belt in oombirmtion with its Ufill'\ual

lead isotopic composition conrrols much of the overall change
in the calculated lead isotopic ratios after 1961. A major lUfll:l

round in me le::u.l isotope ratios from the sediment record occurs
after 1972, rather than the prediction of 1%1 from ore con
sumption records. Reasons for the differences betweett the pre
dicted lead isotopic composition and that found in lake sediment
become more apparent after the resuhs from the Olher cores are
examined.

Comparison of Lead Isotopic Ratios between Sediment
Cores

The lead isotopic ratios of Utke Michigan sedmlent are
similar 10 those from Lake Elie (Figs. 3 and 4) at the limes
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sedimenlS. For example. s.light increases in concentrations and
major departures in isotopic compositions of Pb occurred dur
ing the time when Pb emissions from wood burning should
have been the predominant source of le<ld to lake sediment.
followed by further increases in Pb conccn~tionsand shifts
in isotopic ratios when coal and ore smelting predominated,
followed by major increases in Pb concentration and changes
in iSOlOpic: ratios after 1930 corresponding to the use of Pb in
gasoline. Do the changes in isotopic- ratios correspond to
changes in the sources of Ph emitted to the atmosphere? As
a lest. the lake sediment data are superimposed over lead iso
topic ratios from literature values for coal and ore deposits
(Fig. 6a and b). No eqllivalent dalaset of lead isotopic com
posilions for wood is available.

Prior to 1900 lead isotopic .-atios of Lake Erie sediments
do not plot over values defining (he coal or ore fields {Fig. 6a
and b}. The most logical explanation for the anthropogenic
component of the lead isolopic ralios of sediments prior to
1900, are processes resulting from deforestation in lhe Creal
Lakes region. Historical records attest to the importance of
limbering to local e<:onomies at this time and detail the oc
currence of major forest fires in the Greal L~es region as
well. The appearilnce of AmbroSIa pollen (Robbins et al..


